The Fermi gamma ray space telescope data have pointed towards an excess of gamma rays with a peak around 1 − 3 GeV in the region surrounding the galactic center. This anomalous excess can be described well by a dark matter candidate having mass in the range 31 − 40 GeV annihilating into bb pairs with a cross section of σv (1.4 − 2.0) × 10 −26 cm 3 /s. In this work we explore the possibility of having such a dark matter candidate within the framework of a radiative neutrino mass model. The model is a simple extension of the standard model by an additional U (1) X gauge symmetry where the standard model neutrino masses arise both at tree level as well as radiatively by the anomaly free addition of one singlet fermion N R and two triplet fermions Σ 1R , Σ 2R with suitable Higgs scalars. The spontaneous gauge symmetry breaking is achieved in such a way which results in a residual Z 2 symmetry and hence providing a stable cold dark matter candidate. We show that the singlet fermionic dark matter candidate in our model can give rise to the galactic center gamma ray excess. The parameter space which simultaneously satisfy the constraints on relic density, direct detection scattering as well as collider bounds essentially corresponds to an s-wave resonance where the gauge boson mass m X is approximately twice that of dark matter mass m χ . We also discuss the compatibility of such a light fermion singlet dark matter with light neutrino mass.
I. INTRODUCTION
Recent analysis of Fermi Gamma Ray Space Telescope data has shown an excess of gamma ray from the Galactic Center (GC) with a feature similar to annihilating dark matter [1] (For a review of dark matter, please see [2] ). Previous studies [3] also identified a similar excess of 1 − 3 GeV gamma rays from the region surrounding the GC. According to the analysis presented in [1] , the Fermi telescope signal of gamma ray excess in the GC can very well be fit by a 31 − 40 GeV dark matter particle annihilating into bb pairs with an annihilation cross section of σv = (1.4 − 2.0) × 10 −26 cm 3 /s, normalized to a local dark matter density of 0.3 GeV/cm 3 . The required annihilation cross section is coincidentally very close to the annihilation cross section of typical Weakly Interacting Massive Particle (WIMP) dark matter candidate in order to produce the correct dark matter relic abundance observed by the Planck experiment [4] Ω DM h 2 = 0.1187 ± 0.0017 (1) where Ω is the density parameter and h = (Hubble Parameter)/100 is a parameter of order unity.
Several interesting particle physics models have already been proposed [5, 6] which explain the GC excess of gamma rays. Here we study the possibility of providing such an explanation within the framework of an abelian extension of standard model, originally proposed by [7] and later studied in the context of dark matter and eV scale sterile neutrino in [8] and [9] respectively. The salient feature of the model is the way it relates dark matter with neutrino mass where neutrino masses arise at one loop level with dark matter particles running inside the loops: more popularly known as "scotogenic" model [10] . The additional abelian gauge symmetry U (1) X and the corresponding gauge charges for the fields are chosen in such a way that it gives rise to a remnant Z 2 symmetry so that the lightest Z 2 -odd particle is stable and hence can be a cold dark matter candidate. As studied in details in [8] , this model has several dark matter candidates namely, fermion singlet, fermion triplet, scalar singlet and scalar doublet. Scalar dark matter phenomenology is similar to the Higgs portal models discussed extensively in the literature. In these scenarios, the scalar dark matter annihilates into the Standard Model (SM) particles through the Higgs boson. Co-annihilations through gauge bosons can also play a role if the CP even and CP odd components of the neutral
Higgs have a tiny mass difference as discussed recently in [11] . In the context of GC gamma ray excess, several Higgs portal models have already been studied and there exists at least one neutral Higgs lighter than the SM Higgs which acts as a mediator between scalar dark matter and the SM particles. The mass of this light neutral Higgs is approximately equal to twice the scalar dark matter mass in order to satisfy experimental bounds on relic density as well as direct detection experiments.
Instead of pursuing Higgs portal like scalar dark matter scenarios in the model, we study the fermionic dark matter sector. Since the neutral component of fermion triplet needs to be very heavy (2.28 − 2.42 TeV) in order to reproduce correct dark matter relic density [12] , we confine our discussion to fermion singlet dark matter in this work. That is, we explore the possibility of fermion singlet dark matter in this model with mass around 30 GeV which can simultaneously give rise to GC gamma ray excess as well satisfy dark matter bounds on relic density as well as direct detection cross section. Such a light fermion singlet dark matter particle will self-annihilate through the abelian vector boson X into SM particles.
We also incorporate the collider constraints on such additional vector boson and its gauge couplings. We find that, although the relic density and direct detection constraints allow a significant region of the parameter space, the collider constraints reduce the parameter space into the s-wave resonance region where the gauge boson mass is approximately twice that of dark matter mass. Finally, we check whether such a light fermion singlet dark matter is compatible with neutrino mass which arise at one loop level.
This letter is organized as follows: in section II, we briefly discuss the model. In section III, we discuss the singlet fermion dark matter as a source of GC gamma ray excess taking into account all necessary experimental constraints. In section IV, we discuss the compatibility of light singlet fermion dark matter with neutrino mass and finally conclude in section V.
II. THE MODEL
The model which we take as a starting point of our discussion was first proposed in [7] .
The authors in that paper discussed various possible scenarios with different combinations of Majorana singlet fermions N R and Majorana triplet fermions Σ R . Here we discuss one of such models which we find the most interesting for our purposes. This, so called model C by the authors in [7] , has the the following particle content shown in table I. 
(1, 3, 0)
(1, 1, 0)
The third column in table I shows the U (1) X quantum numbers of various fields which satisfy the anomaly matching conditions. The Higgs content chosen above is not arbitrary and is needed, which leads to the possibility of radiative neutrino masses in a manner proposed in [10] as well as a remnant Z 2 symmetry. Two more singlets S 1R , S 2R are required to be present to satisfy the anomaly matching conditions. In this model, the quarks couple to Φ 1 and charged leptons to Φ 2 whereas (ν, e) L couples to N R , Σ R through Φ 3 and to S 1R
through Φ 1 . The extra four singlet scalars χ are needed to make sure that all the particles in the model acquire mass. The lagrangian which can be constructed from the above particle content has an automatic Z 2 symmetry and hence provides a cold dark matter candidate in terms of the lightest odd particle under this Z 2 symmetry. Part of the scalar potential of †
Let us denote the vacuum expectation values (vev) of various Higgs fields as φ
where
The mixing between the electroweak gauge bosons and the additional U (1) X boson as evident from the above mass matrix should be very tiny so as to be in agreement with electroweak precision measurements. The stringent constraint on mixing can be avoided by assuming a very simplified framework where there is no mixing between the electroweak gauge bosons and the extra
Y X = 0 which gives rise to the following constraint
(4) which implies 1 < n 4 /n 1 < 9. If U (1) X boson is observed at LHC this ratio n 4 /n 1 could be found empirically from its decay to qq, ll and νν [7] . Here, q, l and ν correspond to quarks, charged leptons and neutrinos respectively. In terms of the charged weak boson mass, we
Assuming zero mixing, the neutral gauge bosons of the Standard Model have masses
which corresponds to the photon and weak Z boson respectively. The U (1) X gauge boson mass is
III. SINGLET FERMION DARK MATTER
The relic abundance of a dark matter particle χ is given by the Boltzmann equation
where n χ is the number density of the dark matter particle χ and n eqb χ is the number density when χ was in thermal equilibrium. H is the Hubble expansion rate of the Universe and σv is the thermally averaged annihilation cross section of the dark matter particle χ. In terms of partial wave expansion σv = a + bv 2 . Numerical solution of the Boltzmann equation above gives [13] 
where x F = m χ /T F , T F is the freeze-out temperature, g * is the number of relativistic degrees of freedom at the time of freeze-out. Dark matter particles with electroweak scale mass and couplings freeze out at temperatures approximately in the range x F ≈ 20 − 30. More generally, x F can be calculated from the relation
where g is the number of internal degrees of freedom of the dark matter particle χ. The thermal averaged annihilation cross section σv is given by [14] σv = 1
where K i 's are modified Bessel functions of order i, m is the mass of Dark Matter particle and T is the temperature.
The singlet Majorana fermion N R can be a dark matter candidate if it is the lightest among the Z 2 -odd particles in the model. To calculate the relic density of N R , we need to find out its annihilation cross-section to standard model particles. For zero Z−X mixing, the dominant annihilation channel is the one with X boson mediation. Since the singlet fermion N R is of Majorana type, it has only axial coupling to the vector boson. The annihilation cross-section of N R into SM fermion anti-fermion pairs ff through s-channel X boson [5] can be written as
Expanding in powers of v 2 gives σv in the form a + bv 2 where a and b are given by
The Decay width of the X boson denoted by Γ X is given by
The mass of the gauge boson X in the above expressions is given by equation (5) . For simplicity, we assume u 1 = u 2 = u 4 = u such that the mass of X boson can be written as The couplings g f v , g f a , g χv , g χa of fermions and dark matter to X boson are tabulated in the Using these couplings, we now calculate the dark matter relic abundance for fixed values of dark matter mass and the gauge charges n 1 , n 4 but with varying U (1) X gauge coupling g X and gauge boson mass M X . Similar to our approach in [8] , here also we make a specific choice of n 1 from which n 4 can be found from the normalization n 2 1 + n 2 4 = 1. Using the same normalization, the 90% confidence level exclusion on M X /g X was shown in [7] where the lowest allowed value of M X /g X was found to be approximately 2 TeV for φ = tan −1 (n 4 /n 1 ) = 1.5. As noted in [5] , in order to generate the spectral shape of the gamma ray excess through DM annihilation, the dark matter should be either a ∼ 35 GeV particle annihilating mostly into bb pairs or a ∼ 25 GeV particle which annihilates almost democratically to SM fermions.
Therefore, we choose these two particular values of dark matter mass in our analysis. After fixing dark matter mass as well as n 1,4 , we vary g X and u and compute the relic density of dark matter. Instead of assuming a particular value of x F , we first numerically find out the value of x F which satisfies the following equation 14) which is nothing but a simplified form of equation (8) . For a fixed value of dark matter mass m χ , the annihilation cross section σ depends upon g X , M X . For a particular pair of g X and M X , we use this value of x F and compute the relic abundance using equation (7).
The allowed region of parameter space satisfying Planck relic density bound in terms of g X , u as well as g X , M X for m DM = 25 GeV, 35 GeV can be seen in figure 1, 2, 3, 4 . We also show the region of parameter space which can give rise to the desired annihilation cross section in order to fit the GC gamma ray excess data. As pointed out by [5] rise to cross sections required from dark matter relic density constraints as well as from the requirement of giving rise to GC gamma ray excess.
We then take into account of the experimental bounds from dark matter direct detection experiments. Being a Majorana fermion, the dark matter particle in our model gives rise to spin dependent scattering cross section off nuclei mediated by X boson. The latest bound on this cross section is given by the Xenon100 experiment [15] . This spin dependent cross section is given by
and J N is the spin of the Xenon nucleus used. The standard values of the nuclear quark content are taken as∆ [16] . The average spins S p and S n of the Xenon nucleus are taken from [15] as given in table III. Xenon100 experiment gives the lowest upper bound on spin dependent cross section as 3.5 × 10 −40 cm 2 for a WIMP mass of 45 GeV at 90% confidence level. Here we take this conservative upper bound for both 25 GeV and 35 GeV dark matter analysis and draw the exclusion line. As can be seen from figure 1, 2, 3 and 4, the black solid line corresponds to this direct detection bound such that the parameter space towards the left of this line is ruled out. To apply the collider bounds on M X and g X we follow the analysis of [17] which studies the scenario of a new heavy abelian gauge boson coupling to dark matter as well as SM fermions in the light of collider and dark matter direct detection data. As discussed by the authors of [17] , the Large Hadron Collider (LHC) bounds on abelian vector boson coupled to SM, which is approximately M X 2.5 TeV, can be relaxed if X has non-negligible couplings to dark matter. They showed that for X decaying into SM particles with branching ratio 90% and g X = 0.1, the lowest allowed value of M X /g X is approximately 2.6 TeV. This limit gets pushed up to 4 TeV and 4.4 TeV, if g X is increased to 0.3 and weak gauge coupling g respectively. To implement these bounds we compute the branching ratio of X decaying into dark matter particles and plot them as a function of M X /g X in figure 5 . It can be seen that the maximum branching ratio is around 8.5%. We then apply three different lower limits on M X /g X namely, 2 TeV, 2.5 TeV and 3 TeV and check how much of the parameter space remains. These limits can be seen in figure 1 , 2, 3 and 4 in three different colors such that, the parameter space towards the left of that region is ruled out. It can be seen that even if we take a conservative bound M X /g X > 3 TeV, then also we have available parameter space which satisfies all other dark matter constraints. It should also be noted that near the resonance region in the g X − M X as well as g X − u planes, the values of g X is much below 0.1 for which the collider bound is M X /g X > 2.6 TeV as mentioned above. Thus the bound M X /g X is supposed to get further relaxed as we go below g X ∼ 0.1 resulting in more and more allowed parameter space.
We note that the parameter space shown in the g X − M X plane has regions where mass of dark matter is larger than M X allowing the possibility of dark matter annihilation into two X bosons. This particular case however, corresponds to the region towards the left side of the plot where M X < 25, 35 GeV. In our model, such annihilation of dark matter into two X bosons can occur through t-channel exhange of the Majorana fermion singlet dark matter itself. Since, the allowed parameter space after incorporating all the constraints correspond to the s-wave resonance region where M X ≈ 2m DM , such annihilation of dark matter into two X bosons will not alter the allowed parameter space and hence we have not included this process in our calculations.
FIG. 6: Neutrino mass at one loop level

IV. COMPATIBILITY WITH LIGHT NEUTRINO MASS
As discussed in details in [8] , the SM light neutrino mass can arise at one loop level in this model as can be seen in figure 6 . At tree level only one of the neutrinos acquires non-zero mass from usual type I seesaw mechanism [18] where the singlet fermion S 1R acts as the heavy right handed neutrino. Writing the Yukawa Lagrangian for our model as
the tree level light neutrino mass can be written as
From figure 2 and 4, we see that the allowed region from dark matter as well as collider constraints suggest u 1 = u 2 = u 4 = u 2 TeV. Since v 1 ∼ 100 GeV, for neutrino mass to be of eV scale, the equation (17) suggest that the Yukawa couplings y have to be fine tuned to 10 −5 which is approximately same as the electron Yukawa coupling in the SM. The other two SM neutrinos can acquire non-zero masses only when loop contributions in figure 6 are taken into account. As discussed in [8] , the one-loop contribution (M ν ) ij to neutrino mass is given by
Assuming all the scalar masses in the loop diagram to be almost degenerate and written as
where (M N,Σ ) k = m 2k . For fermion singlet light dark matter, m 2k m sc and hence the above expression can be approximated as
The one-loop neutrino mass can be written as
Taking u 1 , u 4 , m sc to be at few TeV's, v 1 , v 2 at electroweak scale and the singlet mass m 2k at few tens of GeV (for light fermion singlet dark matter), the above expression can give rise to eV scale neutrino mass if
which can be achieved if each of the dimensionless couplings is tuned to be around 10 −2 .
Thus, a light fermion singlet dark matter of mass 25 GeV or 35 GeV is consistent with the requirement of eV scale SM neutrino masses.
V. RESULTS AND CONCLUSION
We have studied fermion singlet dark matter in the light of recently observed galactic center gamma ray excess within the framework of an abelian extension of standard model.
The model not only gives rise to a stable dark matter candidate, but also gives rise to tiny neutrino masses both at tree level as well as one-loop level. We take two different dark matter masses m χ = 25 GeV, 35 GeV and check whether they can give rise to the desired annihilation cross section in order to satisfy dark matter relic density constraint as well as annihilation into bb pairs to explain the galactic center gamma ray excess. We also take into account the constraints from dark matter direct detection experiments on spin dependent scattering cross section of dark matter off nuclei. Since the annihilation and scattering of light fermion singlet dark matter is mediated by the abelian vector boson X, these scenarios can also be constrained from LHC limits on additional gauge boson mass M X and its coupling g X . Without performing a detailed calculation for collider signatures, we use the results from [17] where the authors found the lower bound on M X /g X to be 2.6 TeV for BR(X → SM) = 90% and g X = 0.1. In the present work, we find the maximum branching ratio of X boson into SM particles to be approximately 90%. We find that, even after applying a conservative lower limit on M X /g X as 3 TeV, we still have parameter space which can satisfy all dark matter constraints. The allowed parameter space is essentially an s-wave resonance region where mass of the X boson is twice that of dark matter mass. Since the allowed region of parameter space is limited, these scenarios can be further constrained or even ruled out by future data from dark matter direct detection as well as collider experiments.
